The in-plane thermal conductivity is measured to be three times lower in misfit-layered ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x superlattice thin films than disordered-layered WSe 2 because of interface scattering despite a higher cross-plane value in the former than the latter. While having little effect on the in-plane thermal conductivity, annealing the p-type ͓͑PbSe͒ 0.99 ͔ 2 ͑WSe 2 ͒ 2 films in Se increases the in-plane Seebeck coefficient and electrical conductivity because of decreased defect and hole concentrations. Increasing interface density of the annealed films by decreasing x from 4 to 2 has weak influence on the in-plane thermal conductivity but increases the Seebeck coefficient and decreases the room-temperature electrical conductivity.
the WSe 2 films was later found to be about 30 times higher than Ќ . 2 Because of the rotational disorder structure of the film, the thermal conductivity anisotropy ratio is six times higher than that of compacted single-crystal horizontal WSe 2 platelets. 3 These results have motivated the synthesis of a large number of misfit layered compounds, 4, 5 where unusual balance of in-plane order and cross-plane disorder could occur and lead to desirable thermal or thermoelectric ͑TE͒ properties. Some of these misfit-layered compounds, such as ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y , contain layers of small-band gap compound semiconductors with better bulk TE properties than the large-band gap WSe 2 . The Ќ of these compounds is still very low but higher than that of the WSe 2 films. 6 For example, the Ќ of ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films is between 0.05 and 0.15 W/m K, increasing with increasing PbSe content. 6 In addition, annealing of ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films in a Se vapor environment has been found to equilibrate the carrier concentration and defect levels and thus tune both the in-plane electrical conductivity ͑ ʈ ͒ and Seebeck coefficient ͑S ʈ ͒.
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The main objective of this work is to experimentally investigate the effect of PbSe inclusion on the ʈ of ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x films in order to gain a better understanding of phonon transport in these anisotropic misfitlayered compounds. In addition, the effects of interface density and annealing in Se environments on the transport properties are characterized by conducting in-plane TE measurements of these films using a suspended device.
The ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x superlattice ͑SL͒ thin films were grown on a Si substrate using the modulation elemental reactant technique described in details elsewhere. 5 Four ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x thin films with x = 2, 3, and 4 were measured in this work. All the four samples were annealed in N 2 environment for 1 h at 400°C to form SLs. Three of the four samples were also annealed in Se vapor environment for 3 h at 400°C. 5 A 300 nm thick SiO 2 film was grown using plasma enhanced chemical vapor deposition on top of the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x thin film. Subsequently, electron beam lithography was used to pattern arrays of ZEP-520 resist lines. This resist pattern was used as an etching mask to etch through the SiO 2 film using reactive ion etching with CHF 3 chemistry. The obtained SiO 2 pattern was further transferred to the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x film using Ar + ion sputtering. The SiO 2 pattern was removed by dipping the sample in a solution of buffered oxide etch, which could also etch the native silicon oxide at the interface between the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x film and the silicon substrate.
A patterned thin film segment was picked up by a sharp etched tungsten probe of a nanomanipulator in a scanning electron microscope ͑SEM͒ from the silicon substrate and transferred onto a suspended measurement device shown in the inset of Fig. 1 . The measurement device consists of two suspended SiN x membranes. Two parallel Pt electrodes were patterned on each membrane for measuring the ʈ in a fourprobe configuration so as to eliminate the contact electrical resistance. Small amount of Pt was deposited using focused electron beam induced deposition at the contact area between the film sample and each of the four Pt electrodes on the two membranes. Electrical contact between the film and the prepatterned Pt was subsequently achieved without needing to anneal the sample.
A serpentine Pt resistance thermometer was patterned on each membrane for measuring the ʈ and S ʈ based on a fourprobe TE measurement procedure reported in details elsewhere. 7 For three film samples annealed in Se, a 6%-9% relative error due to contact thermal resistance was determined using this procedure and eliminated from the measured ʈ and S ʈ . For the remaining ͓͑PbSe͒ 0.99 ͔ 2 ͑WSe 2 ͒ 2 sample that was annealed only in N 2 , the ʈ and S ʈ were measured using a two-probe method, 8, 9 which could underestimate the ʈ by about 6%-9%. After the film was assembled on the microdevice and the TE measurements were performed, the etched edge of the suspended ͓͑PbSe͒ 0.99 ͔ 4 ͑WSe 2 ͒ 4 film was analyzed using transmission electron microscopy ͑TEM͒, which showed moiré fringes indicative of slightly misoriented crystal layers throughout the sample ͑Fig. 1͒. Figure 2 shows that the measured ʈ of the four ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x samples between 300 and 500 K are about 0.4-0.5 W/m K, which is about five times higher than the reported Ќ . 6 In addition, the ʈ of the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x films is about three times lower than that of disordered-layered WSe 2 films. 2 Similarly, the inplane lattice thermal conductivity of W 4 ͑WSe 2 ͒ 10 films has been found to be 30% lower than that of the WSe 2 films. 2 On the other hand, the Ќ of the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films was found to be higher than that of the WSe 2 films and increase with PbSe content. 6 Hence, PbSe inclusion leads to the opposite effects on the ʈ and Ќ of ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films. In addition, the difference in the ʈ between the four samples of different x is comparable to the measurement uncertainty. Similar lack of sensitivity to the interface density controlled by x was reported for the Ќ of ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x . 6 It was suggested that the very low Ќ of the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films is caused by the unusual disordered-layered structure of the WSe 2 layers, 6 instead of interface scattering that is thought to be responsible for the suppression of the Ќ of Si/Ge, 10, 11 Si/SiGe, 12 GaAs/AlAs, 13 and Bi 2 Te 3 / Sb 2 Te 3 ͑Refs. 14 and 15͒ thin film SLs to be below the average value of the constituting bulk materials or even the value for the corresponding alloys. In particular, the strong anisotropy in the elastic constant of layered WSe 2 due to weak interlayer Van der Waals bonding results in low density and frequencies of vibrational modes with wave vectors in the cross-plane direction. Consequently, the Ќ of the WSe 2 films is much lower than the ʈ value. On the other hand, the Ќ of PbSe films was found to decrease from 2 to 1.3 W/m K when the thickness decreases from 250 to 25 nm. 16 These values are much higher than the Ќ values of the WSe 2 films, resulting in the increased Ќ with the PbSe content in the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ y films because the diffusive thermal resistance in the constituting layers dominates over the interface thermal resistance for transport along the cross-plane direction.
The crystal structure of the PbSe films was determined based on our x-ray analysis to be rock-salt structure, 17 which is approximately isotropic. Hence, the ʈ of the 25-250 nm thick PbSe films is expected to be comparable to the measured Ќ values, which is similar to the 1.5 W/m K in-plane value measured for 162 nm thick WSe 2 films. 2 Therefore, ʈ is lower in the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x SL films than in both the PbSe and WSe 2 films of a similar thickness. This behavior can be attributed to interface scattering between adjacent PbSe and WSe 2 layers, provided that the lack of sensitivity of ʈ on x can be explained. It has been reported that the ʈ of GaAs/AlAs SL films decreases when the layer thickness decreases from 20 to 5 nm because of interface scattering. 18 However, experimental data of SLs with layer thickness smaller than five unit cells ͑as in our samples͒ are scarce for the in-plane direction but available for the cross-plane direction. While the Ќ of ͑GaAs͒ n ͑AlAs͒ n SLs was found to be lower for n less than 10 than for n larger than 10, a clear dependence on n could not be identified for n less than 10. 13 This result suggests that other effects such as difference in defect concentrations for samples of different n could have masked the small difference in interface scattering for different n values less than 10. Moreover, different dependences of the Ќ on the SL period have been reported for different Si/Ge SL samples because of variation in defect concentrations for samples with different periods, 10, 11 where interface scattering is still the main cause of the suppressed Ќ . 19 For the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x samples measured in this work, x is in a very small range between 2 and 4 so that variation in the grain sizes and defect concentrations can have a larger impact than the different strength in interface scattering for different samples. In particular, because there are no more than four unit cells in each layer for the samples measured here, the in-plane lattice vibrations everywhere inside each layer is influenced by interface potential. The effect of interface scat- tering would diminish only when the layer thickness is much larger than the range of the interface force field.
While there is only a small difference in the ʈ between the two ͓͑PbSe͒ 0.99 ͔ 2 ͑WSe 2 ͒ 2 samples that were annealed differently, annealing in Se was found to increase the ʈ of the film by over one order of magnitude, as shown in Fig. 3͑a͒ . Interestingly, the S ʈ of the films was also enhanced from below 50 to above 150 V / K upon annealing in Se, as shown in Fig. 3͑b͒ . The S values measured after annealing in Se are comparable to results from a theoretical calculation. 20 The positive S ʈ values measured before and after annealing in Se suggest that the majority carriers in the films are holes. The increase in S upon annealing in Se suggests a decreased hole concentration. On the other hand, the increased found after annealing could be caused by a large increase in the hole mobility that overcomes the decreased concentration. Indeed, Hall measurements have shown that the carrier concentration decreases and the mobility increases upon annealing of similar films supported on a dielectric substrate. 17 Although the ʈ is insensitive to the interface density, increasing the interface density by decreasing x from 4 to 2 increases the S ʈ and decreases the ʈ of the Se-annealed samples at room temperature. This trend is in agreement with electrical and Seebeck coefficient measurement results of similar film samples supported on a dielectric substrate, and reveals a decreased hole concentration with decreasing x. A theoretical calculation has also suggested that the electronic band structure is different for different x. 20 In addition, the ʈ increases with temperature for all four samples, which suggests increased thermal activation of charge carriers with increasing temperature. The ʈ data can be fitted with an exponential function exp͑−E a / k B T͒, where the activation energy E a was found from the fitting to be 0.32 eV for the sample not annealed in Se, and 0.36 eV, 0.40 eV, and 0.24 eV in the annealed samples with x = 2, 3, and 4, respectively. These results clear show that ʈ is lower in the ͓͑PbSe͒ 0.99 ͔ x ͑WSe 2 ͒ x films than in the WSe 2 films because of interface scattering, despite a higher Ќ in the former than in the latter. While having little effect on the ʈ , annealing in Se results in an increase in both the ʈ and S ʈ of the p-type ͓͑PbSe͒ 0.99 ͔ 2 ͑WSe 2 ͒ 2 film. This finding reveals that the annealing resulted in a decrease in the defect and hole concentrations and a increase in the hole mobility, in agreement with Hall measurements of similar films supported on a dielectric substrate. Increasing interface density by decreasing x from 4 to 2 has only weak influence on the ʈ but it increases the S ʈ and decreases the room-temperature ʈ . With better understanding of the mechanisms underlying the intriguing effects of annealing and layer thickness, optimization of these parameters could be employed to increase the power factor and the in-plane figure of merit ZT ϵ S ʈ 2 ʈ T / ʈ , which is below 0.02 for the four samples because of the low ʈ despite of the low ʈ and high S ʈ .
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